PURPOSE. Pseudomonas aeruginosa is the leading cause of contact lens-associated bacterial keratitis. Secreted bacterial proteases have a key role in keratitis, including the P. aeruginosa small protease (PASP), a proven corneal virulence factor. We investigated the mechanism of PASP and its importance to corneal toxicity.
1
In humans, this gram-negative bacterium can cause infection at any compromised tissue or body site and it can lead to severe morbidity in immunocompromised patients. 2 P. aeruginosa is a common nosocomial pathogen, accounting for 10% of all hospital-acquired infections. 3 It also is the leading cause of contact lens-associated bacterial keratitis, causing a sightthreatening disease of the human eye. 4, 5 Prompt antibiotic therapy is crucial to limit corneal damage and subsequent scarring to preserve corneal transparency. However, P. aeruginosa has the propensity to develop antibiotic resistance. 6 Furthermore, tissue damage caused by P. aeruginosa can continue after antibiotics kill the bacteria because this bacterium secretes numerous virulence factors, including proteases that continue to damage the tissue. [7] [8] [9] [10] [11] [12] [13] [14] Among the well-studied Pseudomonas-secreted proteases are four metalloproteases whose role in keratitis is described as nonessential. [15] [16] [17] [18] [19] P. aeruginosa also secretes four serine proteases, including protease IV and P. aeruginosa small protease (PASP) , that have been demonstrated as important corneal virulence factors. 9, 12, [20] [21] [22] [23] PASP has an important role in the pathogenesis of keratitis and is required to obtain full virulence. [12] [13] [14] The PASP-deficient mutant of P. aeruginosa produces significantly reduced virulence in the rabbit or mouse cornea compared to the parental or rescued strain with restored PASP production.
14 PASP also can degrade corneal structural proteins, such as types I and IV collagen, contributing to corneal ulcers. 13 Host defense molecules, such as complement C3 and antimicrobial peptide LL-37, are cleaved by PASP, as were a range of proteins in the rabbit tear film.
14 Tosyl-L-lysine chloromethylketone (TLCK), a serine protease inhibitor, can inhibit PASP activity in a dosedependent manner. 13 PASP has little sequence homology with other known proteases, but there is a sequence similarity between PASP and Escherichia coli YceI protein. 12 E. coli YceI protein is a periplasmic protein whose crystal structure has been determined. 24 Serine proteases are the best-known class of proteases (E.C. 3.4.21) , comprising approximately one-third of all known proteases. 25 Serine proteases use an Asp-His-Ser triad in the active site. 26 The triad of amino acids can be found scattered in the primary sequence of a serine protease, but are in close proximity in the tertiary structure. 27 In our study, the catalytic residues comprising the active site of PASP have been identified and the substrate specificity and kinetics of its catalytic activity also have been studied. The findings demonstrated that a single amino acid change in the
Site-Directed Mutagenesis
To generate targeted mutations in the pasP gene, a PCRmediated method of extending overlapping gene segments was used. A pair of master flanking primers of the pasP gene and two internal primers with overlapping sequences and mutations of interest were used in this method ( Table 1 ). The first round PCR was to amplify two gene segments with overlapping sequences using the pair of one flanking and one internal primer. PCR products were analyzed by agarose gel electrophoresis and reaction mixtures were diluted 1/10 and combined to use as template DNA for the second round PCR. In the second round PCR (overlap extension), the two flanking primers and 1 lL of the template DNA were used in a 25-lL reaction. The PCR reaction initially underwent 10 cycles with the annealing temperature based on the calculated melting temperature (Tm) of the overlapping sequence (higher than the Tm of the flanking primers), followed by 20 cycles with the annealing temperature based on the Tm of the flanking primers. The PCR products of the mutated pasP gene were cloned into plasmid pUCP20.
14 To make the constructs for the recombinant PASP protein with a C-terminal histidine tag, the wild-type (WT) or mutated pasP gene was PCR-amplified using a reverse primer with the codons for six histidines incorporated. All constructs were confirmed by sequencing in both directions (SeqWright, Inc., Houston, TX, USA).
Purification of the WT and Mutant PASP Proteins
Since E. coli and P. putida failed to secrete the active PASP protein (unpublished findings), we chose P. aeruginosa PA103-29 PASP(-), a mutant created by allelic replacement of the pasP gene, as the expression host.
14 P. aeruginosa PA103-29 PASP(-) was chemically transformed with a construct of the WT or mutated pasP gene on the plasmid pUCP20 using the method described by Traidej et al. 21 Plasmid-containing PA103-29 PASP(-) was grown at 378C in 4 liters of dialyzed TSB containing 100 lg/mL carbenicillin for 40 hours. Culture supernatants were collected by centrifugation and concentrated. The concentrates then were dialyzed overnight against 50 mM Tris-HCl buffer (pH 8.0) and applied to a pre-packed Q sepharose column (HiTrap Q XL; GE Healthcare Life Sciences, Piscataway, NJ, USA). Fractions were eluted with a pH gradient generated by addition of 50 mM Tris-HCl buffer (pH 6.0). Further purification was achieved by gel filtration chromatography using a sephacryl S-200 column. Recombinant PASP proteins containing histidine tags were purified from the supernatants of Pseudomonas cultures by affinity chromatography (Talon resin; BD-Clontech).
Thin Layer Chromatography
Purified P. aeruginosa elastase B (LasB) and alkaline protease (AP) were purchased from Elastin Products Company, Inc. (Owensville, MO, USA) and United States Biochemical (Cleveland, OH, USA), respectively. Elastase A (LasA) was a kind gift from Dennis E. Ohman. Native protease IV was purified as described previously. 12 Poly-L-arginine (1 mg/mL; Sigma-Aldrich Corp., St. Louis, MO, USA), and poly-L-lysine (4 mg/mL; Sigma-Aldrich Corp.) were mixed 1:1 (vol/vol) with either 10 lg rPASP or 0.1 lg protease IV, AP, LasA, or LasB at 378C for 8 hours. Arginine (4 mg/mL; Sigma-Aldrich Corp.) and lysine (4 mg/mL; Sigma-Aldrich Corp.) were incubated with equal volumes of dH 2 O. An aliquot (7 lL) of each sample was spotted onto a silica gel-coated plate (PE SIL G; Whatman Ltd., Kent, England). The plate was developed in a solvent consisting of propanol (20 mL), acetic acid (20 mL), and dH 2 O (10 mL). The plate then was visualized by spraying 0.2% ninhydrin (Sigma-Aldrich Corp.) solution made in nbutanol. 
SDS-PAGE, Western Blotting, and Mass Spectrometry
Polyacrylamide gels were prepared according to the method described by Sambrook et al. 28 Western blot analysis was performed as described previously. 13 For mass spectrometry, protein bands on SDS-PAGE were excised and analyzed at the University of Texas Medical Branch Biomolecular Resource Facility (Galveston, TX, USA), using the method of matrixassisted laser desorption/ionization time-of-flight (MALDI-TOF).
Zymography
Protein samples mixed with a nonreducing loading buffer were electrophoresed through a 10% SDS-polyacrylamide gel containing 0.1% gelatin at 48C and 20 mA (constant current setting). Subsequently, the gel was washed twice for 15 minutes each in a 2.5% Triton X-100 solution to remove SDS. The gel then was incubated in a reaction buffer consisting of 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 10 mM CaCl 2 , and 1 lM ZnCl 2 at 378C overnight. After incubation, the gel was fixed and stained with Coomassie blue.
Colorimetric and Fluorometric Assays of Protease Activity
A library of 29 chromogenic substrates (Sigma-Aldrich Corp.) was screened for their susceptibility to PASP by incubating the substrate with active rPASP (10 lg in 10 lL) at 378C overnight. Positive reactions form a yellow color and can be measured spectrophotometrically at 410 nm. Dye-quenched (DQ)-gelatin, fluorescein conjugate (Molecular Probes, Eugene, OR, USA) was chosen as the substrate for PASP because it is highly sensitive and has been previously developed into a fluorometric assay. 23 DQ-gelatin was dissolved in water at 1 mg/mL as a stock solution. To calculate the molar concentration of the substrate, a molecular weight of 100,000 g/mol for gelatin was used. 29 All dilutions of the substrate and enzyme were made in a reaction buffer (50 mM Tris-HCl pH 7.6, 150 mM NaCl, and 5 mM CaCl 2 ) and the final reaction volume was 100 lL. For end- 
* Active rPASP (10 lg in 10 lL) was mixed with a substrate or buffer, and then incubated overnight at 378C. The positive result was based on the observation of the yellow color in the reaction mixture compared with the colorless buffer control. point assays, the WT or mutant recombinant PASP protein (250 ng each) was incubated with 0.1 lM DQ-gelatin in triplicate in a 96-well microtiter plate at 378C for 24 hours. Fluorescence was measured using a multimode microplate reader (FLUOstar Omega; BMG Labtech, Ortenberg, Germany) with excitation at 485 nm and emission at 520 nm. Background values derived from the enzyme-free (negative) controls were subtracted from the fluorescence measurements.
Kinetic analysis was performed on the WT enzyme and the S59A mutant because the fluorescence signal for the mutant D29A, H34A, or S47A was undetectable. Each enzyme variant (250 ng) was tested against a range of DQ-gelatin concentrations (0.025-0.4 lM) in triplicate. Fluorescence was monitored every 10 minutes for 2 hours at 378C. The changes in relative fluorescence unit per minute (DRFU/min) versus the substrate concentrations (lM) were plotted and fitted by nonlinear regression to the Michaelis-Menten equation using GraphPad Prism 6 software (MathWorks, Natick, MA, USA). K m and V max were calculated by the software.
Injection of Mutated PASP Protein into Rabbit Corneas and Histologic Analysis
New Zealand white rabbits were used and maintained according to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Animal protocols were approved and monitored by the Animal Use and Care Committee of the University of Mississippi Medical Center. Recombinant PASP derived from cloned pasP gene with a site-directed mutation at Ser-47 or Ser-59 was purified and intrastromally injected into rabbit corneas (n ¼ 4 per group). Slit-lamp examination (SLE) was performed after 24 hours and eyes were photographed. 13 Corneas were subsequently harvested, fixed, and processed by Excalibur Pathology, Inc. (Norman, OK, USA). The tissue sections were stained with hematoxylin and eosin. Each slide was examined microscopically and photographed under low and high magnifications. * Relative activity of the recombinant PASP proteins was determined using a fluorometric end-point assay. The WT and mutant PASP proteins (250 ng each) were incubated with fluorescein-conjugated gelatin (0.1 lM) for 24 hours at 378C. Fluorescence was measured and percent activity of the WT rPASP was calculated.
13
† The mutant S59A was not significantly more active than the WT protease (P ¼ 0.431). ‡ Enzyme kinetics of each PASP variant was determined by testing the enzyme (250 ng) at a range of substrate concentrations (0.025 lM to 0.4 lM). Fluorescence was measured every 10 minutes for 2 hours at 378C and the Michaelis-Menten parameters were calculated.
§ ND, not determined.
Bioinformatics
The protein sequence and crystal structure of E. 
Statistical Analysis
The methods used have been described previously. 13 Mean and SEM were calculated with commercial statistical analysis software (SAS, Inc., Cary, NC). For comparison of SLE scores, nonparametric 1-way ANOVA (Kruskal-Wallis test) was performed. P 0.05 was considered significant.
RESULTS

Substrate Specificity of PASP
To determine the substrate specificity of PASP, 29 chromogenic substrates were screened for PASP susceptibility by incubating each substrate with active rPASP (10 lg) at 378C overnight ( Table 2 ). The release of the yellow chromophore pNA (paranitroaniline) was defined as positive. The four positive substrates, L-lysine p-nitroanilide dihydrobromide, L-arginine p-nitroanilide dihydrochloride, Gly-Arg p-nitroanilide dihydrochloride, and Tosyl-Gly-Pro-Lys p-nitroanilide, have either lysine or arginine at the cleavage (P 1 ) position. Additionally, poly-Larginine and poly-L-lysine peptides were tested with rPASP and other Pseudomonas proteases by thin layer chromatography (Fig. 1) . The cleavage of poly-L-arginine or poly-L-lysine by PASP was indicated by appearance of arginine or lysine monomers or intermediate products (lanes 3 and 11) . The cleavage of poly-Larginine by PASP was inhibited by TLCK (lane 4). Alkaline protease also was found to cleave both polypeptides (lanes 7 and 14) and protease IV cleaved poly-L-lysine (lane 15) as reported previously. 20 
Prediction of the Catalytic Triad of PASP as a Serine Protease
Because PASP activity was inhibited by TLCK, 13 PASP was postulated to be a serine protease with the classic Asp-His-Ser catalytic triad. The three-dimensional (3-D) structure of E. coli YceI protein ( Fig. 2A; PDB # 1y0g) , a PASP homolog, is known and was used as a query structure. A catalytic site prediction was performed using the Catalytic Site Atlas, which documents catalytic residues in enzymes of known 3-D structures. The catalytic residues of the porcine trypsin molecule (in complex with soybean trypsin inhibitor; PDB # 1avw) matched to YceI. Using the structure and triad information from YceI and porcine trypsin, respectively, a catalytic triad for PASP was postulated (Fig. 2B) . Based on the postulated catalytic residues of PASP, alanine was substituted via site-directed mutagenesis into the PASP sequence at amino acids Asp-29, His-34, and Ser-47, as well as a control residue Ser-59.
Effect of Mutations at the Proposed Catalytic Triad on PASP Enzymatic Activity
For purified native PASP and its alanine substituted mutants, each had a band of approximately 19 kDa on reduced SDS-PAGE (Fig. 3A) . The identity of the purified proteins as PASP was confirmed by Western blot analysis and mass spectrometry (data not shown). When subjected to gelatin zymog- raphy, only the WT protein and the mutant S59A demonstrated protease activity as evidenced by the protease bands at approximately 80 kDa and in the stacking gel area (Fig. 3B) . The protease seen at 80 kDa and in the stacking gel could be due to aggregates known to form under zymography conditions. 12 An alanine substitution of PASP at Asp-29, His-34, or Ser-47, which comprises the postulated catalytic triad, abolished the enzymatic activity (Fig. 3B) . Site-directed mutations also were prepared in the recombinant PASP proteins containing a C-terminal 6-His tag. On the zymogram, the recombinant PASP molecule with a mutation at Asp-29, His-34, or Ser-47 lacked protease activity, but the rPASP protein with the S59A mutation or the WT protein retained protease activity (Fig. 3C) .
Quantitative analysis of the effects of the site-directed mutations on enzyme activity was performed using the substrate DQ-gelatin and the recombinant PASP proteins. Relative activities of the recombinant proteases were determined by testing each protease variant at a single substrate concentration. The results (Table 3) showed that the mutants D29A, H34A, and S47A were inactive, whereas the WT enzyme and the mutant S59A were equivalent in relative activity. Furthermore, kinetic analysis was performed on the WT and S59A enzyme ( Table 2 ). The K m for the WT and S59A enzyme was 0.21 and 0.19 lM, respectively.
Formation of the Active Site of PASP by Dimerization
A computer model of PASP structure was generated using YceI as a structural template (Fig. 4A) . The modeled PASP structure has an eight-stranded antiparallel b-barrel fold and is predicted to form a homodimer as its biological assembly (Fig. 4B ). On the model of the monomeric PASP molecule (Fig. 4A) , residue Ser-47 of the catalytic triad is not located near residues Asp-29 and His-34 preventing the formation of a catalytic triad. In the model of the dimeric PASP, residue Ser-47 appears to converge with residues Asp-29 and His-34 from the adjoining PASP molecule forming a catalytic triad (Figs. 4B, 4C) .
When the WT rPASP protein was analyzed by zymography (Fig. 5A, lane 1) , an inactive band of approximately 20 kDa was observed, which corresponds to the PASP monomer. This inactive PASP monomer band is distinct from the higher molecular weight band with proteolytic activity seen at <50 kDa, a size consistent with that expected for the PASP dimer. To detect the presence of PASP dimers or multimers, the purified recombinant PASP variants were analyzed by Western blotting. On the Western blot (Fig. 5B) , two major bands were present in each of the purified PASP proteins, which relate to the monomeric and dimeric forms of PASP proteins, respectively. The alanine substitutions of these proteins do not change or disturb the dimer formation.
Corneal Toxicity of Mutated PASP
The injection of recombinant PASP with an alanine substitution in Ser-47 (S47A; 8 lg), which lacked protease activity, caused minimal pathologic changes in the rabbit eye (Fig. 6A) . In contrast, injection of the active rPASP mutant (S59A; 8 lg) demonstrated severe conjunctival swelling, iritis, and corneal infiltrate at 24 hours after injection. The eyes injected with the inactive S47A mutant had a significantly lower SLE score (0.13 6 0.08) than eyes injected with the active S59A mutant (9.56 6 0.56; P ¼ 0.019; Fig. 6B ). Histologic analysis of corneas injected with the active S59A mutant demonstrated substantial pathology, including edema, epithelial erosion, and neutrophil infiltrate (Figs. 7B, 7D) , whereas corneas injected with the inactive S47A mutant appeared to be normal (Figs. 7A, 7C ). These findings demonstrated that protease activity is required for the toxicity of PASP in the rabbit cornea. 
DISCUSSION
We analyzed the substrate specificity and catalytic residues of PASP, a corneal virulence factor and protease that shows no sequence similarity to any other known protease. A structurebased prediction of three amino acids, Asp-29, His-34, and Ser-47, that comprise the active site of PASP was confirmed by sitedirected mutagenesis studies. An alanine substitution at any of these three amino acids resulted in a loss of enzymatic activity and the mutation in Ser-47 completely eliminated PASP corneal toxicity. Our analysis of PASP indicated that dimerization is required to form an active site and the PASP monomer lacks enzymatic activity. Most importantly, the molecule with an active site mutation lacks protease activity and toxicity for the cornea.
Pseudomonas virulence for the cornea has been proven to be mediated by two proteases, protease IV and PASP. 23 Inactivation of the gene for either of these proteases significantly reduces the corneal virulence, but does not reduce the growth of the bacteria in the corneal stroma. 14, 22 Protease IV is able to degrade key host defense molecules, but has little activity on collagen.
11,13 PASP does have considerable collagen degrading activity and fully active preparations of PASP can cause epithelial and stromal erosions of the cornea. 13 Virulence of P. aeruginosa appears to require protease IV activity on the host defense and PASP activity on a spectrum of host proteins, including collagens.
The association of protease IV and PASP with virulence also has been found in studies of Pseudomonas lung infections. [30] [31] [32] Protease IV has been shown to degrade the surfactant proteins of the lung and cytokine IL-22, and to augment the virulence of pneumococcus in the lung. [33] [34] [35] Studies of Pseudomonas strains isolated from the lungs of cystic fibrosis patients have shown that these isolates produce more PASP and more protease IV than prototropic strains. [30] [31] [32] 36 Antibodies to PASP and protease IV have been detected in the sera of cystic fibrosis patients who had a Pseudomonas infection demonstrating the production of these proteases during infection. 37 Biofilms are found commonly in the lungs of infected cystic fibrosis patients and can form on contact lenses contaminated with Pseudomonas and also on abiotic surfaces in the eye. 38 Biofilms have been shown to have increased production of protease IV and PASP. 39 In the modeled PASP monomer structure, the residue Ser-47 of the triad is not located in proximity to the other two residues of the catalytic triad (His-34 and Asp-29). So, the lack of proximity of the triad residues in this structure is not consistent with forming an active site of a serine protease, as evidenced by the lack of protease activity of the PASP monomer. However, PASP is predicted to form a homodimer, and in the dimerized structure of PASP, the residue Ser-47 of one PASP molecule is located close to the residues His-34 and Asp-29 of the other PASP molecule. The postulated nonproteolytic monomer and the proteolytic dimer of PASP were detected by zymography (Fig. 5A) . The mutations of the catalytic residues did not prevent the formation of PASP dimers (Fig. 5B) , indicating that residues other than the catalytic triad are involved in dimerization. While the activity of the native PASP protein was detected mainly at approximately 80 kDa on zymograms, the activity of the recombinant PASP protein was at approximately 50 kDa. This suggested that the formation of a dimer is required for PASP activity and a possibility exists of PASP forming a higher-order multimer (tetramer) with proteolytic activity.
Dimerization is common among a wide variety of serine proteases. For example, factor XI is a homodimeric zymogen of a serine protease that is involved in the blood clotting cascade. 40, 41 Another example of dimeric proteases is a family of homologous serine proteases from all nine known human herpesviruses (HHV). 42 Inhibitors targeting the active site or the dimeric interface of the serine proteases of HHV are under development. 43, 44 In the case of PASP, an inhibitor that disrupts the dimerization process could prevent protease formation and subsequently reduce the tissue damage during Pseudomonas keratitis.
In summary, PASP is a distinct and unique serine protease from P. aeruginosa with the classical Asp-His-Ser catalytic triad. This novel protease joins the wide-spread family of YceI-like proteins whose functions are poorly understood. The function of PASP has been demonstrated to be a protease and virulence factor in two animal models of Pseudomonas keratitis.
